Tests for chemically induced nondisjunction and loss of the sex chromosomes in Drosophila were performed. Of 31 compounds tested four gave rise only to an increase of XO exceptions, indicating the induction of chromosome loss. Six compounds, all known spindle inhibitors (cokchicine, organic mercury, leand, and tin compounds) gave rise to an increase both of XXY and XO or of only XXY. The effect by metalloorganic compounds of which methylmercury was studied particularly closely, folows a peculiar pattern. In females with structurally normal X chromosomes only an increase of XX gametes is obtained, while with X chromosomes heterozygous for long inversions only 0 gametes are increased. The data indicates that the effect ofthe metal compounds occurs at first meiosis and that the process is connected with a meiotic drive, giving rise to a preferential segregation of the two X chromosomes to the functioning pole. The increase only of 0 gametes with structurally heterozygous X chromosomes can tentatively be explained by a loss due to crosig over within the inversion. An increase of the effect of methyl mercury was obtained where the normal pairing of the X chromosomes was interfered with by means of autosomal inversions.
Introduction
In mutagenicity testing, practical attention has almost exclusively been paid to effects on DNA and the genetic material itself, that is, point mutations and chromosome aberrations. However, in almost all theoretical discussions dealing with the genetic risks of environmental chemicals it is emphasized that one has to take into consideration also chemical effects leading to numerical changes of the chromosomes in the cells. No doubt such a statement is highly justified considering the importance of such chromosomal abnormalities among human congenital diseases. There is a striking discrepancy between theory and practice in this field, however. The reason for this is the difficulties in tackling the problem of numerical alterations of the chromosome number experimentally, which of course is the background of this symposium.
It should be stressed that the origin of a deviating number of chromosomes can vary. There are basically two different mechanisms: one depending on an *Environmental Toxicology Unit, Wallenberg Laboratory, University of Stockholm, S-106 91 Stockholm, Sweden. effect on the chromosomes themselves and one on an effect on extrachromosomal organelles that is the spindle fiber mechanism. The spindle fiber effect implies that a chemical may be totally innocent when it comes to point mutations and chromosomal aberrations, but may affect the chromosomal segregation and therefore still involve a health hazard.
Chemical or physical agents which cause deviating chromosome numbers through direct effects on the chromosomes, do this by chromosomal aberrations, mostly resulting in the loss of chromosomes. Agents which, on the other hand, operate on the spindle fiber mechanism cause both an increase and a decrease of the chromosome number. This distinction is of importance in tracing experimentally the agents affecting the number of chromosomes. The true spindle poisons are of particular interest in the present context, because they are not described in most ordinary mutagenicity tests.
Another matter of importance is the difference in the effect of spindle poisons on meiotic cells as compared to mitotic cells. Although the mechanism of action may be the same in both cases, the effect may differ because of the complicated meitotic process with chromosome pairing, recombination and segreAugust 1979 59 Threshold of action (log mole fraction) 
Nondisjunction in Drosophila
Since the discovery by Bridges (6) of primary and secondary nondisjunction, Drosophila has constituted an indispensible tool for the study of meiotic nondisjunction. This has been done primarily on the sex chromosomes, but the manipulation of the Drosophila chromosomes during the 1960s made it possible also to study nondisjunction of the large autosomes. This was done especially by the use of attached second and third chromosomes, which caused a permanent maternal or paternal nondisjunction of the large autosomes which could compensate for an induced nondisjunction in the other sex. This test system on the large autosomes has not been used to any extent, however, to study chemically induced nondisjunction, as the method is considerably more difficult than the use of the sex chromosomes for this purpose. The small fourth chromosome can also be used for nondisjunction studies in very much the same way as the sex chromosomes, but has not been done to any appreciable extent for the study of chemical induction of nondisjunction.
Nondisjunction Test of the Sex Chromosomes
Most of the work on nondisjunction in Drosophila thus has been performed by observations of the behavior of the sex chromosomes. By using genetically marked X and Y chromosomes, three effects on the chromosomes can be studied simultaneously in the offspring: nondisjunction, chromosome loss, and induced recombination or translocation involving the Y-chromosome. As is shown in Figure 2 , a simultaneous increase of XXY and XO offspring indicates nondisjunction, while an increase of only XO offspring indicates the occurrence of chromosome loss from chromosome breakage. The separation of markers in the two arms of the Y chromosome finally indicates the occurrence of recombination or translocation involving the Y chromosome.
We have used this test system at our laboratory for the screening of chemicals for nondisjunction and chromosome loss. In particular the work has concentrated on the effect of heavy metals.
The following testing procedure has been employed. In most cases the strain used for the work The test compound was given to the flies by mixing it into the corn meal-agar substrate. In order to determine an' appropriate concentration for the treatment of the flies separate toxicity tests were performed. Different concentrations were then given to larvae, and the time of hatching and survival was measured. A concentration which causes a delay of the hatching, but no increase in the lethality was chosen for the nondisjunction test. With this procedure the delayed hatching indicates that the test substance is taken up by the flies; at the same time, the normal survival ensures that no excessive selection is distorting the results.
In the routine screening for nondisjunction and loss according to the schedule in figure 2 , the treatment was given to both sexes during their whole larval period. In most cases the effect in the offspring measured the combined effect in both parents.
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Screening Results
The results ofthe screening of some 30 compounds for nondisjuction and loss are given in Table 1 Of the 31 compounds, 11 show association with significant increases of exceptional offspring (Table   1 ). Of these 11 compounds four only affected the number of XO and may therefore cause chromosome loss without any effect on nondisjunction. It should be mentioned, however, that the increase of XO with Actinomycin D was marginally significant and the result therefore is only indicative. Seven compounds caused an increase of XXY exceptional offspring, indicating an effect on nondisjunction. The result on quinacrine for XXY is somewhat questionable as the repeats of the experiment did not give a consistent effect on XXY. Therefore it has been put in parentheses. The remaining six compounds are known inhibitors of the spindle fiber mechanism, that is, colchicine and organic heavy metal compounds. The results on heavy metals are of special interest from several points of Environmental Health Perspectivesview and will therefore be dealt with separately. The results of this screening of chemicals for nondisjunction and chromosome loss showed that the effect on nondisjunction did not exceed a three-or fourfold increase of the spontaneous frequency. Therefore the test requires that a large number of flies are scored. The narrow range between the concentration required to obtain a significant effect at all and a concentration causing an excessive mortality has been too narrow to permit any successful analysis of the dose effect relation. Therefore only one -as far as possible optimum concentration -of the test substance has been used in most instances.
Effect of Heavy Metals on Nondisjunction
Organic mercury compounds are known as potent c-mitotic agents and inhibitors of the spindle fiber mechanism (2). The same is obviously true with alkyl lead (7) and other organic heavy metal compounds as well. As is shown in Figure 1 , organic compounds of mercury, lead, and tin have a stronger c-mitotic effect than expected from their solubility. Investigations of nondisjunction in Drosophila also revealed that organic mercury, lead, and tin increase nondisjunction.
The induction ofnondisjunction with heavy metals follows a peculiar pattern. As is apparent from given a similar result (see Table 2 ) and it must be considered as established that methylmercury only increases XX gametes in females, but not 0 gametes.
There are experimental results indicating that this effect on nondisjunction can be brought back to a segregation in the first rather than the second meiosis or during premeiotic divisions. No clusters indicating a premeiotic process was observed. The nondisjunction effect wears off according to the excretion of methylmercury, which was studied by means of H203-labeled methylmercury. This finding is consistent with expectation for a meiotic process. An increase of attached X-Y nondisjunction was found after methylmercury treatment, which rules out an effect on second meiosis. No homozygotization was found when using heterozygous markers, which also speaks against an effect on the second meiosis.
A similar pattern of effect was found for trimethyltin. With alkyllead compounds a preliminary study showed a significant increase of XO males after treatment with triethyllead chloride (7). However, further experiments on triethyllead and on diethyllead chlorides gave in both cases results consistent with the results on methylmercury that is, there was only an effect on XXY and only a treatment of females was efficient (see Table 3 ). The reason for this discrepancy between the experiments with triethyllead chloride is not known. aThe cross was y w sn/y w sn x y w sn/sn8 Y in experiment I and y wa flywaf x yw8 f/y+YBs in experiments 1-6. X chromosomes was opposite to that on ordinary X chromosomes as described above. Methylmercury caused only an increase of XO offspring but had no effect at all on XXY offspring (8) . As shown in Table  4 further experiments with other inversions have verified this finding, and furthermore the increase of XO offspring was consistantly the same and additive
Environmental Health Perspectives for various long inversions independently of the spontaneous rate of exceptions. The presence or distribution of the proximal heterochromatin does not seem to have any influence on this process. The overall effect by methylmercury was stronger on structurally heterozygous than homozygous chromosomes.
Mechanism of Action of Heavy Metal Compounds
The experimental data on Drosophila indicate that the effect of methylmercury on nondisjunction occurs on first meiosis. From the c-mitotic action of organic mercury and other heavy metals it can furthermore be assumed that this effect on nondisjunction depends on an inactivation of the spindle fiber mechanism that is on the chromosome segregation and not on chromosome pairing. Tests on crossing over in the X chromosomes did not indicate any effect by methylmercury which is in accordance with this assumption.
It may also be pointed out that experimental data show that the recovery of only one type of exceptional offspring does not depend on a viability selection by the methylmercury treatment (8) .
Although there is no conclusive evidence at hand of the mechanism involved in the differential recovery of nondisjunctional offspring with methylmercury, the results suggest a preferential segregation mechanism. It seems that the nondisjoined X chromosomes after methylmercury treatment are distributed preferentially to that pole during meiosis, which gives rise to the functional gamete and that the effect of methylmercury thus depends on a chemically induced meitotic drive.
The opposite effect, with inversion heterozygotes giving rise only to XO exceptions, may be tentatively explained in the following way. The nondisjoined X chromosomes after the first meiotic division will have a normal cross over frequency within the inversions as the mercury treatment does not alter chromosome pairing and meiotic recombination. Most of the crossovers within the inversions give rise to bridges in second meiosis. Although such bridges might be expected to give rise to nonviable gametes rather than 0 gametes, according to the results of Novitski (9) the situation may be different in the present case, due to a remaining effect of the mercury compound on the spindle fiber apparatus also in second meiosis, which may cause a lagging and elimination of chromosomes involved in bridges.
Experimental Increase of the Sensitivity of the Test System
The effect of methylmercury on X chromosomes heterozygous for inversions differed not only qualitatively from that with homozygous X, but the effect was also higher. It would seem that the structural heterozygocity caused a higher sensitivity to the nondisjunction action ofthe compound. The effect of methylmercury may therefore be enhanced by a disturbed pairing. This hypothesis was tested by measuring the effect of methylmercury in flies in which the meiotic pairing of the sex chromosomes was affected in some way or another.
In one experiment reported earlier (8) on females, X chromosomes heterozygous for Muller 5 inversions were combined with heterozygocity for the Curly inversions in the second chromosome. The interference with meiotic synapsis in two chromosome pairs in this way will enhance nondisjunction in both chromosome pairs, at least partially through a nonhomologous pairing (10, 11) . It was found that the effect of methylmercury on X chromosome exceptions was enhanced.
The spontaneous nondisjunction of the X-and Y chromosomes in the male is greatly enhanced by the use of X chromosome deficient for the proximal heterochromatin. Treatment with methylmercury of males with such an X chromosome gave a significant increase of exceptional offspring in spite of the fact that no effect can be discerned with standard X chromosomes (12) .
It has been shown by Tokunaga (13, 14) that treatment of females with low temperature (10°C) increases primary nondisjunction of X chromosomes considerably. Experiments were performed in order to find out whether this increase in temperature induced nondisjunction could be used to obtain a higher sensitivity for the nondisjunction test with chemicals. Treatments with 10°C were done according to Tokunaga's procedure. Methylmercury was given to larvae with 0.25 mg/l, substrate. Both structurally homozygous (y f/ y f x y f/ y+ Y BS) and heterozygous (y wa f/ y Ins sc4L sc8R x y wa f/ yl Y BS) flies were tested.
The results are summarized in Figure 3 . In both types of females there was a considerably stronger effect by methylmercury in combination with low temperature than could be expected from 250C. The increase was not restricted to one sex; in both types of crosses there is a significant increase of both exceptional XXY and XO offspring. Further analyses are required to get any insight in the possible mechanism for the synergistic effect between temperature and methylmercury treatment. 
Conclusions
Nondisjunction tests with sex chromosomes in Drosophila have given positive response to treatments with known inhibitors of the spindle fiber mechanism. The sensitivity of the test system, however, probably is rather low and according to our experience large materials are required in order to discern any effect. A synergistic effect between treatment with organic mercury and genetic or experimental interference with meiotic chromosome pairing indicates the possibility that the sensitivity of the test system may be increased.
